In this paper isoenzyme variation in six species of Australian reptile ticks is used to examine a hypothesis, proposed by Price (1977) , that populations of parasites will diverge more rapidly from each other than populations of non-parasites. The data support Price's prediction that parasite populations have low levels of genetic variability. The average heterozygosity per locus was less than 2'5 per cent in each reptile tick species, compared with a mean value of ii '23 per cent for 93 non-parasitic invertebrates (Nevo 1978) . Price also predicted large genetic variation between parasite populations, but this was not normally the case within reptile tick species. Where genetic distance was large between populations it could be explained by processes which were not unique to parasites.
INTRODUCTION
suggested that extensive radiation in parasites has resulted from certain unique aspects of parasite ecology. Because hosts represent small patches of abundant resource within a large inhospitable environment, he proposed that (i) parasite populations are often small, (ii) dispersal between populations is often low, and (iii) reproductive systems leading to a reduction of outbreeding have sometimes developed. He argued that parasite populations with some or all of these characteristics would become genetically different from neighbouring populations more frequently than would populations of non-parasites. In addition he adapted the ideas of Levins (1962) to parasites in suggesting that spatial variation between hosts should lead the parasites to adapt to specific host patches and form populations which are uniform within, but genetically distinct between each other, even without geographical isolation.
We examined Price's (1977) hypothesis about parasite radiation using isoenzyme variation in a group of parasite species, the Australian reptile ticks, to test three predictions: (i) that genetic variation is low within parasite populations; (ii) that genetic variation is high between parasite populations; and (iii) that variation between parasite populations can be independent of geographical isolation. Six tick species were included in the survey, Aponomma hydrosauri, Ap. unda turn, Ap. fimbria turn, Amblyomma albolimbatum, Amb. limbatum and an undescribed Amblyomma species from the Flinders Ranges of South Australia. All are three host ticks with each parasite stage (larva, nymph and adult) infesting reptiles (Roberts, 1970) .
MATERIALS AND METHODS
Ticks were collected from reptiles captured at 65 Australian locations (table 1) , and returned live to the laboratory. Adult male ticks were used 509 for an electrophoretic sample, and they are the most common stage available on many host individuals (Bull, l978a) .
Each tick was homogenised in an equal volume of lysing solution (Baverstock et aL, l977a) , and the homogenate centrifuged at 16,000 g for 10 minutes. The supernatant was then stored in 5 1 aliquots at -20°C. Electrophoresis on "Cellogel" (Chemetron, Milan) was performed as in Baverstock et al. (1977a) and Baverstock et aL (1980 Where enzymes were encoded by more than one locus, loci were numbered in order of increasing electrophoretic mobility. Alleles were designated according to electrophoretic mobility with a being the most anodal.
Blood samples were collected by orbital sinus bleeding from the common host species Trachydosaurus rugosus, prepared for electrophoresis as in Baverstock et a!., 1977a) , and run beside tick samples. There were no bands on the gels common to tick and lizard samples, confirming that ingested host enzyme was not being scored as tick enzyme.
For each tick population the expected frequency of heterozygotes at each locus, and the average heterozygosity over all scored loci, were calculated assuming random mating. Autosomal inheritance was assumed for all loci, except Gpi where no heterozygotes were recorded in large samples of male ticks from populations where alternative alleles were present. Since males are the heterogametic sex in Australian ixodid ticks (Oliver and Bremner, 1968) , Gpi is probably sex linked. The genetic distance (D) (Nei, 1972) between pairs of populations was calculated with corrections for small sample sizes (Nei, 1978) . Dendrograms were constructed by the UPGMA method (Sneath and Sokal, 1973 The populations from central South Australia were separated on the dendrogram from those in south eastern South Australia, Victoria and Flinders Island ( fig. 2 ), because of high frequencies of alternative alleles at two loci, Pk and G6pd. Overall, however, genetic distances between eastern populations were low (1=0.051 (±0.003); n=190 pairwise comparisons).
In four instances, geographical isolation was not associated with increased genetic distance. The population at Cowell (5) on Eyre Peninsula, was genetically identical to other populations in South Australia from which it is isolated by Spencer Gulf. Reevesby Island (3), off Eyre Peninsula, had a population genetically identical to that at Cowell (5), and other South Australian populations. The population from Phillip Island (13), off the Victorian coast, differed little from populations on mainland Victoria. And on Flinders Island (18), in Bass Strait, there was a high frequency of a unique allele at the Ada locus, but the population was separated from mainland populations by less than 005 genetic distance units.
In contrast the population from near Arno Bay (11), differed in allele frequency at two loci (Pgm and Gpi) from most other populations, including Cowell (5). Cowell and Arno Bay are 50 km apart within an area of continuous distribution of Ap. hydrosauri (Petney eta!., 1982) . More detailed collections were made to score Pgm and Gpi allele frequencies ( fig. 3 ). There was a sharp dine from west to east for each locus, and a further new allele Gpi c was found, restricted to one subregion ( fig. 3 ). There was a significantly non-random association of Pgm genotypes with Gpi genotypes among 282 ticks for which both loci were scored (x=l64l; p<O0Ol), although this probably resulted from a geographical association of alleles, because in subregions with intermediate frequencies of both alleles, the association of genotypes was random (y 033; n.s.). Thus there is no evidence of linkage or assortative mating.
(ii) Amblyomma albolimbatum The 21 sites from where Amb. albolimbatum were collected are shown in fig. 1 2 ). Two populations (Carnarvon and Nanga (40,41)) were very similar to each other but widely separated from all other because of fixed or almost fixed gene difference at eight loci (Ak, Gpi, aGpd, Idh-1, Np, Pep D, Pig Tpi).
The genetic distances among the remaining 19 populations were smaller. In fact these distances may be overestimates because ten loci, at which all sampled populations were fixed for the same allele, were omitted from the analysis. The geographically isolated population on Rottnest Island (36) (Petney et al., 1982) showing the number of ticks sampled in each of seven regions, plus the frequency in each region of alternative alleles at the PGM locus (left hand circle, PGM a black, PGM b white) and at the GPI locus (right hand circle; OPt a white; GPI b black; OPt c striped).
was genetically similar to adjacent mainland populations even though the major host species T. rugosus has formed a distinct island race (Glauert, 1961) . A small group of populations (Norseman (35), Rottnest Island (36), Lake Grace (37), Perth (39) and Yelben (38)) were separated from the other because of a high frequency of the Pep D allele, but no geographical pattern emerged. There were no geographical climes from east to west over more than 2000 km of continuous distribution.
(iii) Amblyomma limbatum The 15 sites from where Amb. limbatum were collected are shown in fig. 1 . Table 4 shows the allele frequencies in those populations at 20 loci. The survey was incomplete because most of the populations sampled were clustered in a small section of the southern edge of the distribution of the species.
The mean heterozygosity per locus was on average 1 61 (±0.67) per cent per population. Using genetic distances based on 20 loci, the dendrogram ( fig. 2) -100--100
----100----100 G 2 a 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 b 100 100 a 87 100 aGpd a 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 13 a 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 '0 In the sample from the Ap. fimbriatum population (2N =4) only one locus (PepA) out of 22 was variable. The average heterozygosity per locus was 1.70 per cent. Two Ap. undatum populations (2N =2 and 6) were monomorphic for the same alleles at 17 loci. Out of 22 loci only one was recorded as variable in one of the three populations (2N =6,6 and 4) of the undescribed Amblyomma species. These samples were almost identical genetically despite the restriction of populations of this species to isolated rocky outcrops (Sharrad, pers. comm.). 4. Discussion (i) Within population variability (a) The prediction Price (1977) predicted that parasites should exist as small relatively homogeneous populations. Reptile ticks remain immobile while detached, ensuring that they stay in the habitat of their host (Petney et a!., 1983) . They clump together while waiting for hosts (Bull, 1978a) , probably by using aggregation pheromones . This behaviour reduces dehydration, increases the probability of detecting a host (Trevorrow eta!., 1977, Petney and , and increases the chance that related ticks will remain in one group and attach to the same host. Mating takes place on the host (Andrews and Bull, 1980) , before females detach and lay their eggs (Sharrad, 1980) . Reptile ticks disperse passively by limited host movement (Bull, 1978b, Satrawaha and . Local mixing of a tick population can result from the overlap of home ranges of hosts, and host pairing during spring. Thus tick populations are predicted to consist of related individuals restricted to small areas with low gene flow between areas. Inbreeding within areas should lead to low genetic variability in populations.
The theoretical considerations of Levins (1962) lead to the same prediction. He suggested that when small populations face relatively large spatial differences of habitat quality, for instance between host and non-host, they will become monomorphic and specialised to the local resource. Price (1977) pointed out that parasites exploit extremely coarse-grained environments making these conclusions particularly appropriate.
(b) The test
Consistently low levels of variability within populations were found in six species of reptile ticks taken from 65 populations. Nevo (1978) calculated that the average heterozygosity from 93 invertebrate species (mainly nonparasites) was 11 23 (±0.75) per cent. The heterozygosity levels from reptile tick species (1.61-2.47 per cent) were considerably lower, supporting the predictions made by Price (1977) . There are two potential sources of bias when comparing our data with previous studies.
a) The sample size for many populations was low, and real variation existing in the populations may not have been detected. For instance at the PepD locus in Amb. albolimbatum two alleles varied in frequency between populations with no consistent geographic pattern, indicating that a widespread polymorphism at this locus may have been concealed because of the small samples. However, at most loci many conspecific populations shared the same major allele, suggesting that variants at those loci were uncommon, and that genetic variation was adequately sampled. Increased sample size in Ap. hydrosauri from Tickera and Cape Naturaliste did not lead to increase in the estimated mean heterozygosity. Nei (1978) and Gorman and Renzi (1979) showed that small samples can be used to estimate heterozygosity and genetic distance where the average heterozygosity is low.
b) The enzyme loci chosen (Johnson, 1974) and the electrophoretic support medium (Johnson, 1976) can influence estimates of heterozygosity. Surveys using the same enzymes and cellogel as the support medium have revealed high levels of genetic variability in invertebrates and levels comparable with other surveys among vertebrates (Baverstock et a!., 1977a , 1977b , 1980b , Richardson and McDermid, 1978 , Daugherty et aL, 1981 , Adams et a!., 1984 .
The remarkably low level of variation in reptile ticks must be contrasted with the discovery by Healey (1979a Healey ( , 1979b of extensive variation at two enzyme loci in Irish populations of the sheep tick Ixodes ricinus. Because the sample of loci is much smaller these results are not strictly comparable with the present study. However they imply that our findings may not be general for all tick species. This could be explained, in retrospect, because the reptile ticks follow much more closely the form of parasite ecology envisioned by Price (1977) when developing his hypothesis. Reptile ticks must become adapted to only one or two common reptile hosts in any area (Bull, 1978a . Host individuals are generally solitary and slow dispersing, so resources are patchy and gene flow low. On the other hand L ricinus, particularly as larvae and nymphs, have a wide range of hosts (Milne, 1945 (Milne, , 1948 including reptiles, birds and mammals. Also the major host of adult I. ricinus are sheep, which live in flocks so that ticks have a choice of host individuals and stock movement by farmers would also allow gene flow between tick populations. These ecological differences indicate that reptile ticks are more likely to form small homogeneous populations than are sheep ticks.
(ii) Between population variability (a) The prediction Price (1977) predicted that parasites should have a higher rate of evolutionary change and speciation than non-parasites. In reptile ticks low host mobility (Bull, l978a, Satrawaha and Bull, 1981) should reduce gene flow between adjacent populations, and with high fecundity, high mortality of juvenile stages and a relatively short life history (Bull and Sharrad, 1980) isolated gene pools could diverge rapidly through stochastic processes or adaptation to different host populations. Price (1977) claimed there is a high incidence of sibling species and of differentiated races within species among parasitic taxa, because of the higher evolutionary rate of parasites.
Because of the difficulty in estimating evolutionary rates within reptile ticks without a time scale, it was assumed that a high evolutionary rate would be reflected in contemporary taxa by a high incidence of local population divergence. Divergence was assessed by comparing estimates of genetic distance between reptile tick populations with those from other studies (e.g., Ayala, 1975) .
Caution is needed in these comparisons because if genetic differences accumulate at different rates in different taxa (Avisa and Aquadro, 1982) , then taxa with the same genetic distances between populations do not necessarily have the same evolutionary rates. The genetic distance estimates between conspecific tick populations were normally less than OO6 units, falling within the range of genetic distances recorded between local populations in other (non-parasitic) invertebrate taxa, but lower than that between semi-species or subspecies (Ayala, 1975) . The genetic discontinuities which Price (1977) envisioned in parasite populations were either uncommon in ticks or undetected by the electrophoretic assay.
Some divergence was found. Populations of Ap. hydrosauri, geographically isolated in Western Australia were electrophoretically distinct from eastern populations (Andrews and Bull, 1983) . This allopatric divergence is not remarkable, in that it might be expected in either parasitic or nonparasitic taxa.
More relevant to Price's (1977) predictions are the two cases we detected where there was genetic divergence within a geographically continuous range. In both Ap. hydrosauri on Eyre Peninsula ( fig. 3) , and Amb. albolimbatum near Carnarvon (table 3) , genetic differences were maintained over short distances. In the latter case a genetic distance of over O5 units suggests there has been a long period of divergence. In neither case were the diverged populations infesting a different host species. Since both cases involve populations at the edge of the species range (Sharrad and King, 1981, Petney et a!., 1982) , the alternative hypothesis of allopatric differentiation followed by secondary contact cannot be eliminated. Our results suggest that reptile tick species normally contain similar rather than highly differentiated populations. An implication is that tick taxa are not undergoing the rapid evolutionary change which Price (1977) predicted for parasites. Adaptive changes related to local host populations either have not occurred, or not been detected in this study. Our data support the conclusions of Avise and Aquadro (1982) that taxa with low variability within populations usually have low genetic distances between populations. We found no evidence that reptile tick populations in Australia were differentiatiating at a faster rate than non-parasite populations.
